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Abstract
We consider three jet production at high pT in the γγ → qq¯g
process and calculate quark and gluon jet spectra. The possibility of
quark-gluon jet separation is discussed and compared with the e+e− →
qq¯g case.
1 Introduction
Three jet production in e+e− annihilation was investigated in details at PE-
TRA and later at TRISTAN energies [1] in connection with the critical tests
of perturbative QCD. In particular the difference between energy spectra of
quark and gluon jets and quark and gluon jet multiplicities provided impor-
tant information for quantitative tests of quantum chromodynamics.
Besides the studies of hadronic final state as a result of direct e+e− an-
nihilation, the measurement of the two photon processes e+e− → e+e−X at
PETRA and TRISTAN shows high physics potential. New tests are possi-
ble in LEP experiments, especially the precise meauserement of the photon
structure function and hadron production at high pT [2]
At present time new experimental possibilities connected with the gen-
eration of γ beams by Compton backscattering of the laser beam on a high
energy electron beam [3] are discussed extensively [4]. Investigation of the
jet phenomena in γγ collisions at the energy of several hundred GeV is one
of the most interesting questions for γγ colliders phenomenology.
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In this paper we discuss three jet production in the region of large pT
originated from t-channel quark exchange between the colliding photons. At
next linear colliders energy there are two other possible mechanisms for the
jet production in high pT region with the cross sections of the same order
[5]: (1) gluon exchange between two pairs of quark jets (2) W+W− boson
production. However, they have different final state topologies and can easily
be distinguished from the mechanism under consideration. At smaller pT the
photon looks more like the hadron-like object and special treatment beyond
the simple QCD tree approximation is necessary.
The aims of this paper are the calculation of high pT quark and gluon jets
energy spectra in γγ collisions and comparison of the results with the e+e−
case.
2 Quark and gluon jet spectra in the process
γγ → qq¯g
The first order QCD calculation for three jet production in e+e− → qq¯g
(q = u, d, s) gives the following well-known result for the spectra [6]:
dσ
dz1dz2
=
16πα2αs
9
1
s
z21 + z
2
2
(1− z1)(1− z2) (1)
where z1, z2, z3 are the energy fractions of quark, antiquark and gluon
z1 =
2Eq¯√
s
, z2 =
2Eq√
s
, z3 =
2Eg√
s
(2)
satisfying the equality
z1 + z2 + z3 = 2 (3)
Distribution (1) defines the topology of the final state (or topology of the
primary process) in e+e− collision. Since quarks and gluons are unobservable,
in the following various fragmentation models are used to generate real event
samples. However, event generation will be beyond our analysis at present
stage.
The calculation in e+e− case for two Feynman amplitudes only (gluon
is radiated from quark or antiquark leg) is not technically difficult. In γγ
case we have 6 amplitudes represented in Fig.1. Symbolic calculation for the
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corresponding 21 squared amplitudes could be more complicated. However,
it is much simplified because the compact form of the result for the sum of
21 squared diagrams can be obtained [7]:
|M |2 = 64
27
e4gs
2 (p4p5)
∑
3
i=1 (pip4)(pip5)[(pip4)
2 + (pip5)
2]∏
3
i=1 (pip4) (pip5)
(4)
We reproduced this formula using CompHEP package [8] for generation of
symbolic result and REDUCE system [9] in the following algebraic transfor-
mations.
For the process γ(p1)γ(p2)→ q(p4)q¯(p5)g(p3) we are using the kinematical
variables
cosϑ∗14, z1, z2, λ (5)
where cosϑ∗14 is the angle between particle 1 and particle 4 in the c.m.s. of
(1,2), λ is the helicity angle between the planes (1,4) and (3,4) in the c.m.s
of (3,5). The phase space in these variables takes the form
dR3 =
1
1024π4
dz1dz2dcosϑ
∗
14dλ (6)
In the case of e+e− → qq¯g process the matrix element has collinear singu-
liarities only. In the case of γ(p1)γ(p2)→ q(p4)q¯(p5)g(p3) process additional
t-channel singuliarity appears. The denominator of the squared amplitude
contains four momenta products (see more details in the Appendix)
p1p4 = z2
s
4
(1− cosϑ∗) (7)
p1p3 =
s
4z2
(a1 − b1cosλ) (8)
p2p5 =
s
4z2
(a4 − b1cosλ) (9)
where
a1 = cosϑ
∗(z22 + z1z2 − 2z1 − 2z2 + 2) + z2(2− z1 − z2) (10)
a4 = −cosϑ∗(−z1z2 + 2z1 + 2z2 − 2) + z1z2 (11)
b1 = 2sinϑ
∗
√
(1− z1)(1− z2)(z1 + z2 − 1) (12)
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Integration over λ leads to the structures
√
a21 − b21 and
√
a24 − b21 in the
denominator (see more details in Appendix). For this reason besides the poles
of matrix element for the scattering in forward-backward directions (no gluon
emission from final quark) there are parametrically dependent poles at
|cosϑ∗| = 2(z1 + z2 − 1)− z1z2
z1z2
(13)
corresponding to the t-channel singuliarity in the diagrams with gluon emis-
sion from the quark leg. (In this case the antiquark is emitted in the opposite
hemisphere at zero angle). While integrating over cosϑ∗ we introduced kine-
matical cuts ǫ1 and ǫ2 for quark near the forward pole and the poles defined
by (13). After two integrations over the angular variales cosϑ∗, λ we obtain
the following result for three jet spectra in γγ collisions:
dσ
dz1dz2
=
e4g2
27π2
1
s
1
z21z
2
2(1− z1)(1− z2)
{z21z22 [(1− z1)2 + (1− z2)2]
×[ln 1
2ǫ1ǫ
2
2
+ 2 ln
ω1ω2
z1z2
− 2(z1 + z2 − 1)− z1z2
z1z2
ln
ω1
ω2
]
+z21((1− z1)2(1− z2)2 + z42)ln
2
ǫ1
+z22((1− z1)2(1− z2)2 + z41)ln
ω1ω2
ǫ22
+2z21z
2
2(z
2
1 + z
2
2)ln
ω1
2z1z2
+z41z2 + z1z
4
2 − 5z31z2 − 5z1z32 + 4z21z2 + 4z1z22 + z21z32 + z31z22
+4z31 + 4z
3
2 − 4z21z22 − 2z21 − 2z22 − 2z41 − 2z42}
(14)
where
ω1 = 2(z1 + z2 − 1) = 2(1− z3) (15)
ω2 = 2(1− z1)(1− z2) (16)
Besides the collinear singuliarities in γγ case the spectrum (14) has the
factor (z1z2) in denominator and logarithmic terms originating from t-channel
quark exchange. Kinematical cut for ǫ1 in the case of nonzero fermion masses
is 2mq/
√
s, it is easy to show that the cut for ǫ2 is of the same order.
3 Quark and gluon jet separation
We show double differential spectra of quark and gluon jets in e+e− and γγ
collisions ((1),(14)) at the energy scale
√
s ∼ 102GeV in Fig.2. In the γγ
case the cross section is an order of magnitude larger than for e+e− case.
The shape of the spectra are similar.
In the case when there are no additional methods of quark and gluon
jet identification the spectra are not measurable separately and the usual
way of analysis is jet ordering in energy. In Fig.3 we show single differential
spectra of quark and gluon jets in the case of e+e− and γγ collisions. In
the e+e− case quark and gluon jet spectra show large difference giving the
possibility of good jet discrimination. For instance, about 70% of the jets at
z less than 1/3 are gluon jets and about 50% of the jets at z between 0.6
and 0.9 are quark jets. In the γγ case the difference between the spectra is
also well pronounced and identification possibilities of the quark and qluon
jets by energy ordering seem not worse than for e+e− case. Improvement of
jet identification in some experimental situations could be provided by flavor
tagging [10] or comparison of qq¯g and qq¯γ event topologies [1]. Probably
some combination of different methods can give optimal results.
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Appendix
In this section we shall show some details of the calculation taking squared
amplitudes (1) and (5) (see Fig.1) as an example.
Four momenta products in the variables (5) have the form
p1p2 =
s
2
p3p4 =
s
2
(1− z1)
5
p3p5 =
s
2
(1− z2)
p4p5 =
s
2
(z1 + z2 − 1)
p1p4 = z2
s
4
(1− cosϑ∗)
p2p4 = z2
s
4
(1 + cosϑ∗)
p1p3 =
s
4z2
(a1 − b1cosλ)
p1p5 =
s
4z2
(a2 + b1cosλ)
p2p3 =
s
4z2
(a3 + b1cosλ)
p2p5 =
s
4z2
(a4 − b1cosλ)
where
a1 = cosϑ
∗(z22 + z1z2 − 2z1 − 2z2 + 2) + z2(2− z1 − z2)
a2 = cosϑ
∗(−z1z2 + 2z1 + 2z2 − 2) + z1z2
a3 = −cosϑ∗(z22 + z1z2 − 2z1 − 2z2 + 2) + z2(2− z1 − z2)
a4 = −cosϑ∗(−z1z2 + 2z1 + 2z2 − 2) + z1z2
b1 = 2sinϑ
∗
√
(1− z1)(1− z2)(z1 + z2 − 1)
It is worth noticing that this set is not invariant under the transposition
z1 ↔ z2 (as long as we are using the q¯g c.m.s. as the reference frame). The
matrix element has the symmetry quark ↔ antiquark, so this symmetry
must be restored in the final result for the spectra (at least in the nondiver-
gent terms, artificial cuts near the poles can break the symmetry). Squared
diagrams (1) and (5) sum
128
81
e4g2s(
p1p3
p1p5 p3p4
+
p2p3
p2p4 p3p5
)
after the integration over the helicity angle λ takes the form
dσ
dz1dz2cosϑ∗
=
256
81s
e4g2s
−2(a1 + a2)
√
a22 − b21arctg(
√
a2−b1
a2+b1
tg(λ/2)) + λ(a22 − b21)
(a22 − b21)(z1 − 1)
where
√
a22 − b21 = 2|z1z2(cosϑ∗ − 1) + 2(z1 + z2 − 1)|
Integration over cosϑ∗ must take into account two cases for the sign of the
absolute value. The physical region of the reaction γγ → qq¯g in z1, z2 plane is
the triangle with vertices (0,1);(1,0);(1,1). Hyperbola reflecting the relation
between cosϑ∗, z1, z2 for t-channel pole (13) crosses the physical region from
(0,1) to (1,0) (see Berends et.al in [7]). Integration of the rational function
dσ
dz1dz2dcosϑ∗
=
128πe4g2s
81s
{2 2z2 − z
2
2 + z
2
2cosϑ
∗
|z1z2(1− cosϑ∗)− 2(z1 + z2 − 1)|(1− z1)
− 2
1 − z1 +
cosϑ∗(z22 + z1z2 − 2z1 − 2z2 + 2) + z2(2− z1 − z2)
(1− cosϑ∗)(1− z2)z22
}
gives the result for the spectrum
dσ
dz1dz2
=
e4g2s
81π2
1
s
1
z21z
2
2(1− z1)(1− z2)
[z22(1− z2)2ln(
ω1ω2
ǫ22
) + z21(1− z1)2ln(
2
ǫ1
)
+z21z
2
2(z1 + z2 − 1) + (z21(1− z1) + z22(1− z2))(2z1 + 2z2 − 2− z1z2)]
Calculation for the sum of 21 squared diagrams gives the same symbolic
structures.
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Figure captions
Fig.1 Feynman diagrams for γγ → qq¯g.
Fig.2 Double differential spectra s dσ/dz1dz2 at fixed z2 = 0.9 of parent quark
and gluon in the reactions e+e− → qq¯g and γγ → qq¯g (q = u). ǫ1 =
ǫ2 = 10
−5, e = 0.313, gs = 1.59
Fig.3 Differential spectra s dσ/dz2 (integrated over z1) of parent quark and
gluon in the reactions e+e− → qq¯g and γγ → qq¯g (q = u).
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